The members of the genus Alphavirus are positive-sense RNA viruses, which are predominantly transmitted to vertebrates by a mosquito vector. Alphavirus disease in humans can be severely debilitating, and depending on the particular viral species, infection may result in encephalitis and possibly death. In recent years, alphaviruses have received significant attention from public health authorities as a consequence of the dramatic emergence of chikungunya virus in the Indian Ocean islands and the Caribbean. Currently, no safe, approved or effective vaccine or antiviral intervention exists for human alphavirus infection. The molecular biology of alphavirus RNA synthesis has been well studied in a few species of the genus and represents a general target for antiviral drug development. This review describes what is currently understood about the regulation of alphavirus RNA synthesis, the roles of the viral non-structural proteins in this process and the functions of cis-acting RNA elements in replication, and points to open questions within the field.
INTRODUCTION
Alphaviruses are a group of globally distributed arthropodborne RNA viruses with a broad host range. Although they are most commonly maintained between mosquito vectors and avian hosts, outbreaks of human and livestock infections frequently occur, and are thus of economic and public health concern. Infection of arthropods is persistent, lifelong and asymptomatic, and these differences are recapitulated in cultured cells. In humans, symptoms of alphaviral infections range from fever, rash, nausea and polyarthritis to fatal encephalitis. Whilst mortality is low for many alphaviruses, associated disease can be debilitating, with clinical sequelae lasting from months to years in some patients (Weaver & Lecuit, 2015) . Changing vector ranges threaten new populations with emerging or reemerging disease. Such emergence events are exemplified by the current chikungunya virus (CHIKV) epidemic in the Caribbean (Johansson et al., 2014; Weaver, 2014) . At this time, no antiviral therapies or safe, effective vaccines are available. The identification of targets for antiviral intervention and means of rational attenuation for vaccine development require a deep understanding of the mechanisms of virus replication in both the vertebrate host and the vector. Interestingly, whilst a great deal has been elucidated regarding the molecular mechanisms of alphaviral genome replication and RNA synthesis, much of which will be described in this review, the majority of what we know has been derived from work on very few of the 30 recognized alphavirus species, predominantly two: Sindbis virus (SINV) and Semliki Forest virus (SFV). Additionally, the majority of work has been performed in a vertebrate system, leaving many unknowns in terms of the specifics of how different alphaviruses replicate and interact with the vector species.
TAXONOMY AND DISTRIBUTION
The genus Alphavirus is a member of the family Togaviridae, a group of enveloped positive-sense RNA viruses. The family Togaviridae also includes the genus Rubivirus (Büchen- Osmond, 2006) . There are 31 currently recognized alphavirus species that divide into eight phylogenetic groupings with SINV being the type species (Forrester et al., 2012; Nasar et al., 2012) . The relatively recent discovery of aquatic alphaviruses that infect fish and Southern Elephant Seal virus, which is likely transmitted by a louse species (La Linn et al., 2001; Villoing et al., 2000; Weston et al., 1999) , and the presence of these viruses in basal positions in reported phylogenies suggests an aquatic/oceanic origin for the terrestrial alphaviruses (Forrester et al., 2012) . The divergence of the terrestrial alphaviruses is marked by the New World and Old World viruses, which arose after multiple geographical introductions and reintroductions (Forrester et al., 2012; Levinson et al., 1990; Powers et al., 2001) . Old World viruses include those of the SFV complex including CHIKV; New World viruses include Venezuelan equine encephalitis virus (VEEV), eastern equine encephalitis virus (EEEV) and western equine encephalitis virus (WEEV). The genus is endemic on six continents with the range of individual species confined to regions by environmental barriers. However, such as in the case of the recent CHIKV outbreak, these ranges are dynamic and new human populations are being exposed to viruses and risk of disease (Weaver, 2014; Weaver & Lecuit, 2015) .
The recognition of species that infect fish and aquatic mammals, along with those viruses for which no vertebrate host has been identified, suggests there is an as-yet unrecognized number of alphavirus species inhabiting ecological niches that have not yet been explored. For instance, the recently discovered Eilat virus is apparently restricted to the invertebrate host, and in mammalian cells exhibits defects in both viral protein expression and RNA replication (Nasar et al., 2102 (Nasar et al., , 2014 (Nasar et al., , 2015 . Whilst it is likely that there are unifying mechanisms for alphavirus RNA synthesis and replication, the details will vary significantly between species as their evolutionary relatedness diminishes. The following describes what is known about alphavirus non-structural protein functions and the requirements for RNA synthesis based primarily on the work performed using a subset of mosquito-transmitted alphaviruses.
VIRION AND GENOME CHARACTERISTICS
The virus particle consists of an RNA genome surrounded by a protein capsid shell within a host-derived lipid envelope decorated with glycoprotein spikes. The capsid shell and glycoprotein spikes are arranged into icosahedral particles of *70 nm diameter. There are 240 copies of the capsid protein arranged in a T54 lattice, with the surface glycoprotein spikes, consisting of E1 and E2, also forming a T54 structure as 80 trimers of heterodimers Zhang et al., 2002) . The genome is a single strand of message sense RNA that possesses a type 0 59 7-methyl-GpppA cap (Hefti et al., 1975 ) and a 39 poly(A) tail (Fig. 1) . The genome has two ORFs, the second of which is expressed through production of a subgenomic mRNA from an internal promoter in the minus-strand RNA replication intermediate (Strauss et al., 1984) . The second ORF encodes the structural proteins that function in the assembly of new virus particles and the attachment and entry to new cells. The first ORF is translated directly from genomic RNA and encodes the non-structural proteins required for RNA synthesis.
ALPHAVIRUS REPLICATION
Alphavirus RNA synthesis requires all four viral nonstructural proteins, individually and in the context of nonstructural polyprotein precursors. The requirements for each of the individual non-structural proteins, and their respective functions, in RNA synthesis were initially identified by way of temperature-sensitive mutations (Hahn et al., 1989a, b; Sawicki & Sawicki, 1985) . As described later in this review, subsequent characterizations have definitively assigned specific enzymic functions to the individual nonstructural proteins through genetic and biochemical analyses.
Non-structural protein regulation of RNA synthesis
Translation of the alphaviral genomic RNA to yield the membrane-associated viral RNA synthetic complex results in the production of the non-structural polyprotein. The majority of the translation events, as much as *90 %, produce the P123 polyprotein; readthrough of the opal stop codon at the junction of nsP3 and nsP4 results in the production of the P1234 polyprotein (Li & Rice, 1993; Strauss et al., 1983) . Interestingly, some isolates of SFV and O'nyong-nyong virus (ONNV) have an arginine codon in lieu of the opal stop codon, resulting in the constitutive production of P1234. The precise importance of this phenomenon is unclear, but it should be noted that the avirulent SFV isolate A7(74) possesses the opal codon, suggesting a potential role in pathogenesis . Regardless, the RNA synthetic properties of the alphaviral replicase complex are highly regulated in a sequential fashion at the level of polyprotein processinga molecular event that leads to the individualization of the polyprotein domains into their mature protein species Fig. 1 . Alphavirus RNA synthesis scheme. After infection the alphaviral genomic RNA is translated to yield the P1234 polyprotein, which following proteolytic cleavage via nsP2 forms the minus-strand replicase complex consisting of P123 and nsP4. Together, P123 and nsP4 initiate the synthesis of the minusstrand RNA, which serves as a template for synthesis of the genomic and subgenomic RNAs. Further processing of the P123 polyprotein, to nsP1 and P23, results in a switch from minusstrand synthesis to positive-strand synthesis, resulting in the production of genomic and subgenomic RNAs. The P23 polyprotein is exceptionally short-lived, with a presumed half-life of a few seconds. Proteolytic cleavage of P23 into nsP2 and nsP3 individually results in the fully cleaved viral replicase complex which, whilst capable of genomic and subgenomic RNA synthesis, strongly favours production of the subgenomic RNA.
through the protease activity of nsP2. The P123 polyprotein, in itself, lacks any intrinsic RNA synthetic activity as the RNA-dependent RNA polymerase (RdRp; the nsP4 protein) is absent. Similarly, the P1234 form of the polyprotein is incapable of RNA synthesis until proteolytic processing releases the nsP4 component of the polyprotein (Shirako & Strauss, 1994) . In complex, the P123 polyprotein and nsP4 exhibit RNA synthetic activity resulting in the synthesis of the minus-strand RNA (Fig. 1, right  side) . The P123/nsP4 RNA synthetic complex can be, depending on the time post-infection, short-lived; existing data indicate that an individual P123/nsP4 complex may synthesize as few as a single minus-strand RNA molecule before being further processed (Lemm & Rice, 1993; Lemm et al., 1994 Lemm et al., , 1998 Shirako & Strauss, 1994) . Processing of the P123 polyprotein results in the liberation of the nsP1 component forming the nsP1/P23/nsP4 replicase complex. Cleavage of the P123 polyprotein into nsP1 and P23 effectively marks the functional transition between the synthesis of negative-sense to positive-sense RNAs (Lemm et al., 1994; Shirako & Strauss, 1994) (Fig. 1 , left side and bottom). The inhibition of minus-strand RNA synthesis is a direct result of shutoff of viral non-structural protein expression and rapid processing of the non-structural polyprotein. Whilst polyprotein processing is clearly an impetus regulating viral RNA synthesis, it is unclear if this is a strict result of polyprotein cleavage or structural rearrangement of the non-structural proteins themselves leading to the switch from minus-strand to positivesense RNA synthesis. Work by Gorchakov et al. (2008a) indicated that the P123/nsP4 complex was capable of synthesizing positive-sense RNAs, indicating that cleavage of the P123 polyprotein was not an absolute requirement for the transition from minus to positive-sense RNA synthesis. Positive-sense RNA synthetic complexes must regulate the synthesis of genome and subgenome from the same minusstrand template. Mutations in nsP2 have implied nsP2 may act as a transcription factor associating with the subgenomic promoter to recruit the RNA synthetic complex (Sawicki et al., 1978; Suopanki et al., 1998) . The template for positive-sense RNA synthesis is the minus-strand; however, evidence suggests that the template remains doublestranded (Kääriäinen & Ahola, 2002; Simmons & Strauss, 1972a, b) . This mode of templating results in different dsRNA species depending on which RNA is being synthesized. When these dsRNAs were isolated by RNase treatment, three forms were released dubbed replicative forms (RFs). RFI, RFII and RFIII correspond to minusstrand RNA base-paired with full-length genome, the non-structural protein ORF and the subgenome, respectively (Simmons & Strauss, 1972a, b) . As RFII does not correspond to an RNA with function outside of the intermediate, this is likely a paused genomic ternary complex which can, with some frequency, reactivate and finish synthesis (Wielgosz & Huang, 1997) . The genome and subgenome forms both rapidly incorporate labelled nucleotides, whilst RFII does not, suggesting that complexes synthesizing genome and those synthesizing subgenome are both stable (Simmons & Strauss, 1972b) . The regulation of synthesis of the two positive-sense RNAs has also been shown to depend on nsP4 itself, as distinct sites of nsP4 bind the two promoters (Li & Stollar, 2004 , 2007 Li et al., 2010) . Also, as stated above, nsP2 may be involved in regulating template recognition, leading to differential association of the template RNA with specific individual binding sites on nsP4. The nsP1/P23/nsP4 replication complex is capable of synthesizing both the genomic and subgenomic RNA species from the nascent minusstrand RNAs (Lemm et al., 1994; Shirako & Strauss, 1994) . However, the P23 intermediate is exceptionally short lived and can only be detected following mutation of the 2/3 cleavage site . Further proteolytic cleavage to yield the individual nsP1/nsP2/nsP3/nsP4 non-structural proteins, which together represent the main complex responsible for the synthesis of positivesense viral RNAs, results in the synthesis of both the genomic and subgenomic RNAs, of which the subgenomic RNA is produced in excess of the viral genome (Lemm et al., 1994; Shirako & Strauss, 1994) (Fig. 1, bottom) .
Whilst the proteolytic processing of the non-structural polyprotein is readily observable, the functional arrangement within the replicase complex remains poorly understood. Attempts have been made to elucidate the structural and functional arrangement of the non-structural proteins in RNA synthetic complexes. Pairwise interactions between each of the non-structural proteins has been tested by yeast two-hybrid screening by several groups without yielding conclusive results (Salonen et al., 2003) . Co-immunoprecipitation experiments have found evidence for interactions between nsP1 and nsP4, and between nsP1 and nsP3, although the significance of these interactions for complex activities is not known (Lulla et al., 2008; Salonen et al., 2003; Zusinaite et al., 2007) . Thus, despite large amounts of genetic data for functional interactions and structural data for several domains in the non-structural proteins, a model for the arrangements within the functioning complexes is lacking. The study of alphavirus RNA synthesis would benefit from a model for how and when the nonstructural proteins interact, and what functions these interactions facilitate.
Host factor involvement in RNA synthesis and gene expression Viral RNA synthesis has long been thought to involve host proteins, as host proteins were found to co-isolate with viral factors (Barton et al., 1991; Pardigon & Strauss, 1992) . A number of host factors have been implicated to be involved; however, it is likely that many have yet to be identified. In most cases, host proteins have been demonstrated to interact with viral RNA or non-structural proteins; however, very few have been clearly shown to impact viral RNA synthesis. One such example is the La antigen which, whilst clearly shown to bind to SINV minus-strand RNA, has not yet been demonstrated to function during viral RNA synthesis (Pardigon & Strauss, 1996) . In contrast, a study investigating the role of host proteins known to recognize dsRNA has demonstrated a role for RNase L in minus-strand synthesis shutoff facilitating the transition from early to late replication complexes (Sawicki et al., 2003) .
Modern proteomic techniques have recently increased the identification of host factors associated with viral RNA synthetic complexes. Several groups have engineered viruses with tagged non-structural proteins for affinity isolation, and they have identified numerous host proteins that coisolate with non-structural proteins by MS (Cristea et al., 2006; Cristea et al., 2010; Frolova et al., 2006) . The capacity to interact with cellular factors represents a mechanism by which alphaviruses may exhibit different activities in the vertebrate and invertebrate host. Any roles these proteins play in RNA synthesis have only just begun to be determined. RNA interference (RNAi) co-knockdown of two of the proteins identified, G3BP1 and G3BP2, resulted in an increase in non-structural protein production; however, viral RNA synthesis was only minimally affected (Cristea et al., 2010) . These interactions were found to be due to the nsP3 protein, which has been demonstrated to influence vector specificity in ONNV (Saxton-Shaw et al., 2013) . Another study identified heterogeneous nuclear ribonucleoprotein (hnRNP) K as enriched in the membrane fraction of infected cells containing RNA synthetic complexes (Burnham et al., 2007) . RNAi knockdowns of hnRNP K led to a modest reduction in viral infectivity, and immunoprecipitation experiments showed hnRNP K to interact with non-structural proteins and subgenomic RNA, but not genomic RNA. The role of hnRNP A1 has also been investigated and found to play a significant role in SINV RNA synthesis (Gui et al., 2010; Lin et al., 2009) . Lin et al. (2009) found that RNAi knockdown of hnRNP A1 resulted in a significant decrease in viral RNA and protein production. RNA binding assays demonstrated direct binding of hnRNP A1 to genomic and subgenomic promoter probes, and in vitro RNA synthesis assays showed hnRNP A1 to be required for RNA synthesis. More recently, RNA-binding proteins were isolated from lysosomes within SFV-infected cells; these lysosomes contained intact RNA synthetic complexes in close proximity to a number of host proteins including PCBP 1, hnRNP M, hnRNP C and hnRNP K. RNAi knockdowns of all four proteins had an effect on alphavirus RNA replication and/or protein expression (Varjak et al., 2013) .
These studies have examined a handful of the dozens of host proteins that co-isolate with alphavirus RNA synthetic complexes; thus, we are only just beginning to characterize the host factors involved in alphavirus RNA synthesis.
Site of replication
Alphaviral RNA synthesis is a membrane-associated process. Early studies found that RNA synthetic activity co-fractionated with membranes (Friedman et al., 1972; Gomatos et al., 1980) . Alphaviruses and other RNA viruses induce rearrangement of host membranes into cytoplasmic structures known as type-1 cytopathic vacuoles (CPVs), which have long been suspected to be the sites of RNA synthesis (Grimley et al., 1968; Salonen et al., 2005) . RNA synthesis occurs on the cytoplasmic side of these modified membrane structures, but is at least partially sequestered within invaginations dubbed spherules (Froshauer et al., 1988; Kujala et al., 2001) . The formation of these spherules has been found to depend not only on non-structural proteins, but also active RNA synthesis (Frolova et al., 2010; Spuul et al., 2011) . The specific protein determinants of spherule formation remain unknown and similarities of viral proteins to known curvatureinducing proteins (e.g. BAR superfamily proteins) have not been observed. Nonetheless, nsP3 has been shown to bind to cellular ampiphysin-1 and -2, indicating a role for nsP3 in the induction of membrane curvature (Neuvonen et al., 2011) . Interestingly, the length of the RNA template appears to influence the spherule size during SFV replication, indicating that protein-protein interactions are not the only determinants of spherule assembly and formation (Kallio et al., 2013) . Recent studies using fluorescence microscopy, immunolabelling and electron microscopy have further shown that the RNA synthetic complexes are assembled and form spherules at the host plasma membrane, and that these structures are then incorporated into CPVs through endocytosis (Frolova et al., 2010; Kujala et al., 2001; Spuul et al., 2010) . These studies also found that the transport of endocytosed spherules and assembly of CPVs has discrete steps dependent on distinct cytoskeletal elements that could be disrupted with microtubule and actin/myosin inhibitors (Spuul et al., 2010) . Nevertheless, pharmacological disruption of CPV assembly had limited or no effects on viral RNA synthesis (Frolova et al., 2010; Spuul et al., 2010) . Thus, the mechanism of formation and movement of higher-order membrane structures containing viral replication complexes remains unclear. However, the cytoskeletal association of nsP3 suggests it plays a role in the formation of CPVs Gorchakov et al., 2008b) .
Despite these advances, the specific role membranes play in RNA synthesis itself remains somewhat speculative. It is likely that the spherules provide protection of dsRNA replication intermediates from host cell detection and disruption. It has also been proposed that the membrane structures act as scaffolds and effectively increase the concentration of replication factors at the sites of synthesis. It may be that the spherule plays a role in stabilizing the complex once the polyprotein is cleaved and it is known that assembly of the complexes requires the polyprotein stage (Salonen et al., 2003) . For enzymic functions, as discussed above, nsP1 was thought to require host lipids for capping activity, but these activities have since been seen in membrane-free nsP1 preparations (Tomar et al., 2011) .
FUNCTIONS OF THE INDIVIDUAL VIRAL NON-STRUCTURAL PROTEINS nsP1
The *60 kDa alphavirus nsP1 protein primarily serves two functions during alphavirus replication. As depicted in Fig. 2 , the N-terminal domain of nsP1 contains Rossmanlike methyltransferase (MTase) motifs that direct the alphaviral capping reaction (Martin & McMillan, 2002; Rozanov et al., 1992; Schluckebier et al., 1995) . Recent bioinformatic analysis of the alphaviral nsP1 protein and other viral capping proteins indicated that homologous MTase and guanylyltransferase (GTase) domains are present in members of the family Nodaviridae (Ahola & Karlin, 2015) . Additionally, these analyses have revealed a number of residues common amongst the alphavirus nsP1 proteins which have yet to be functionally characterized. Following the N-terminal domain are tandem features that confer association of the nsP1 protein to host membranes.
An amphipathic helix and palmitoylation both act to anchor the nsP1 protein, and nsP1-containing nonstructural polyproteins, to the host membrane (Ahola et al., 1999 (Ahola et al., , 2000 Laakkonen et al., 1996; Lampio et al., 2000; Peränen et al., 1995; Spuul et al., 2007) , although palmitoylation is not essential for the enzymic activities of the nsP1 protein (Laakkonen et al., 1994; Mi & Stollar, 1991) . Indeed, purified SINV nsP1 has been shown to be functional in the absence of lipids, indicating that membrane association is not necessary for nsP1 enzymic function (Tomar et al., 2011) . In contrast, the enzymic activities of purified SFV nsP1 were found to require lipids (Ahola et al., 1999) . Therefore, the requirement for lipid association in regard to nsP1 enzymic activities seems to vary amongst members of the genus. Nevertheless, it should be noted that depalmitoylation mutants exhibit diminished pathogenesis in mice despite lacking a phenotype in tissue culture models of infection (Ahola et al., 2000) . This may be in part due to the alternative functions of nsP1 during alphavirus infection including membrane and cytoskeletal rearrangement, the development of cell filopodia, and cell-to-cell transmission of alphaviruses (Karo-Astover et al., 2010; Laakkonen et al., 1998; Martinez et al., 2014) . These additional functions of nsP1, whilst clearly important to viral infection, are beyond the scope of this particular review.
During replication nsP1 is responsible for the addition of the 59 cap to viral genomic and subgenomic RNAs after the preparation of the nascent RNA by the triphosphatase activity of nsP2 (Vasiljeva et al., 2000) . The capping of the positive-sense viral RNAs have been ascribed to nsP1, namely by way of the MTase and GTase-like activities of nsP1. The MTase and GTase activities were first identified by biochemical assays and genetic work (Cross, 1983; Mi & Stollar, 1990; Scheidel & Stollar, 1991) . Using infected cell lysates, or lysates from cells with individually expressed nsP1, Ahola & Kääriäinen (1995) found the GTase reaction catalysed by nsP1 to be distinct from the typical eukaryotic GTase reaction. nsP1 was found to require S-adenosylmethionine to link to GTP and acid hydrolysis of nsP1-GMP yielded 7Me GMP and not GMP. The GT activity of nsP1 is dependent on successful MTase activity, as GTase activity is not observed in the absence of a methyl donor or in the presence of pre-methylated GMP (Ahola & Kääriäinen, 1995) . Together these findings along with mutational evidence indicate that the MTase activity of nsP1 occurs prior to the transfer to the 59 end of the substrate RNA (Ahola & Kääriäinen, 1995) . This phenomenon is in stark contrast to the eukaryotic capping mechanism in which methylation occurs after the transfer of the guanylate moiety to the substrate RNA. Whilst nsP1 mutants lacking MTase activity or GTase activity are non-viable, recent evidence has indicated that the alphavirus capping reaction is not absolute and non-capped positive-sense viral RNAs are generated during infection (Ahola et al., 1997; Sokoloski et al., 2015; Wang et al., 1996) . The precise importance of the non-capped viral RNAs during infection 200 300 400 500 600 700 800 Fig. 2 . Alphavirus non-structural proteins. Shown are domain organization of the individual alphaviral non-structural proteins nsP1, nsP2, nsP3 and nsP4. Recognized domains, in terms of either structural or genetic evidence, are indicated as grey boxes in their relative position in their respective proteins; specific features, as indicated on their respective proteins, are briefly listed below. nsP1: H designates the histidine residue determined to bind covalently to the 7Me GMP moiety; MB1 and MB2 indicate the sites of the membrane-binding amphipathic helix and the palmitoylation site of nsP1, respectively. MTase, methyltransferase; GTase, guanylyltransferase. nsP2: NLS1 and NLS2 indicate the sites of canonical nuclear localization sites; the cysteine and histidine residues of the protease active site are indicated with a C and H, respectively. NTPase, nucleoside triphosphatase. nsP3: the location of the zinc ion coordination site is denoted with Zn; the presence of ampiphysin interaction sites is denoted with Ampi. AUD, alphavirus unique domain. nsP4: the functional GDD catalytic triad of RdRp is shown.
IP: 54.70.40.11
On: Sun, 04 Aug 2019 12:30:40 is unclear; however, the capping activities of nsP1 are clearly important at the organismal level during infection (Cruz et al., 2010; Sokoloski et al., 2015; Stoermer Burrack et al., 2014) .
Despite a lack of specific molecular understanding, nsP1 is known to be important for minus-strand RNA synthesis (Hahn et al., 1989b; Wang et al., 1991) . Numerous studies have identified suppressor mutations in nsP1 for minusstrand deficient mutants of nsP4 (Fata et al., 2002b; Rupp et al., 2011; Shirako et al., 2003; Shirako & Strauss, 1998) . Indeed, mutations have been shown to negatively affect minus-strand synthesis without negatively impacting the enzymic properties of nsP1 (Lulla et al., 2008) . The mechanism of nsP1 function in this regard remains elusive, although interactions within replicative complexes are likely critical. Studies attempting to determine these interactions using co-immunoprecipitation have found a strong interaction between nsP1 and nsP4 as well as between nsP1 and nsP3 (Salonen et al., 2003; Zusinaite et al., 2007) , and it is possible that more fragile interactions with nsP2 also occur.
nsP2
The *90 kDa alphavirus nsP2 protein serves multiple important functions during virus infection. nsP2 was initially described as consisting of two domains, an N-terminal helicase domain, which also exhibits nucleoside triphosphatase (NTPase) activity and a C-terminal protease domain (Fig. 2) . The C-terminal protease domain shows similarity to known cathepsins; however, the structure is a distinct and novel cysteine protease fold (Russo et al., 2006) . Crystallographic analyses of the C-terminal protease domain have revealed a third domain resembling a MTase fold (Russo et al., 2006) . The MTase-like domain shows structural similarity to the FtsJ MTase; however, the nsP2 MT-like domain lacks the active-site residues responsible for enzymic activity, indicating that the domain likely does not exhibit enzymic activity. Mutational analysis has further indicated the putative presence of at least two additional domains in the amino-proximal region of nsP2 Frolov et al., 1999) . The first putative N-terminal domain has exhibited cofactor-like properties regarding the activity of the nsP2 protease domain. The second putative domain appears to function in promoter selection, as this domain has been the site of suppressor mutations developed in response to promoter site mutations. Further characterization is warranted for each of these putative domains.
In the context of viral replication, nsP2 exhibits three important functions, acting as a helicase, a triphosphatase and a protease. In addition to these roles, nsP2 is intimately involved in the shutoff of host macromolecular synthesis; this particular topic, whilst fascinating and a vital component of alphavirus infection, is beyond the scope of this review (Frolov et al., 1999; Garmashova et al., 2006 Garmashova et al., , 2007 Gorchakov et al., 2005; Kim et al., 2004) .
NTPase/RNA triphosphatase (RTPase) domain functions. nsP2 functions as a helicase to unwind RNA secondary structures formed during viral RNA replication. The helicase/NTPase motifs responsible for this activity were first identified by bioinformatic analyses and later confirmed by mutational and recombinant studies of nsP2 (Gomatos et al., 1980; Gomez de Cedró n et al., 1999; Gorbalenya et al., 1988) . The helicase activity of nsP2 is dependent on the NTPase activity of the N-terminal domain, as mutations in the Walker A motif ablated helicase activity in both recombinant and tissue culture models (Rikkonen et al., 1994) . Recent data has indicated that the helicase activity of nsP2 likely acts in coordination with the polymerase activity of nsP4 and is dependent on the full-length protein, and that a severable helicase domain is not present (Das et al., 2014) . Collectively, these data indicate that the helicase activity of nsP2 is essential for viability, presumably due to its function during viral replication (Rikkonen, 1996) .
A second activity of nsP2 that specifically pertains to viral replication is the RTPase activity associated with the N-terminal domain. The RTPase activity of nsP2 is responsible for the removal of the c-phosphate from the 59 end of nascent positive-sense RNAs to yield a diphosphate moiety at the 59 terminus, enabling the RNA to act as a substrate for the nsP1-mediated capping reaction (Vasiljeva et al., 2000) . The RTPase activity appears to be dependent on the same active site as the NTPase activity, as the inhibition of NTPase activity by mutation or chemical inhibition results in the loss of RTPase activity.
Protease domain functions. The C-terminal domain of nsP2 was genetically identified as the protease responsible for the processing of the non-structural polyprotein (Hahn et al., 1989b; Hardy & Strauss, 1989 ). This function is absolutely essential for virus replication and has been shown to be functionally discrete from the nsP2 functions described above (Lulla et al., 2006) . Nevertheless, the activities of the protease are modulated by other domains of nsP2 and nsP2 containing polyproteins, so the domain is not entirely functionally independent, but is essential for processing of the non-structural polyprotein species (Vasiljeva et al., 2003) . Several mechanisms combine to regulate the processing of the non-structural polyproteins. In SINV, each junction has been found to be cleavable in trans and under some conditions the 1/2 and 3/4 junctions are also cleavable in cis (de Groot et al., 1990; Hardy & Strauss, 1989) . The cleavage of the 1/2 junction in cis is readily observed in P12 polyproteins and this observation was also made in SFV (Vasiljeva et al., 2003) . In P123, however, cis cleavage of 1/2 appeared to be inefficient, at least in SINV (de Groot et al., 1990) . The efficiency of cleavage in cis or in trans gives rise to different activities over the infectious cycle. Early in infection the concentration of non-structural proteins is low and cis cleavage is thus favoured, whilst later when the concentration of protease is high trans cleavage increases.
In addition to cis/trans differences the cleavage efficiency of the protease is different for each of the three junctions and these efficiencies are altered by the polyprotein context of nsP2. Specifically, within a polyprotein containing nsP1 the ability of the protease to cleave the 2/3 junction is poor and within a polyprotein that lacks nsP3 the ability to cleave the 3/4 junction is reduced (de Groot et al., 1990; Shirako & Strauss, 1990) . The result of these activity shifts is a preference for cleaving the 3/4 junction early in infection and a preference for cleaving the 2/3 junction later in infection.
These cis/trans and preference shifts of the protease result in specific cleavage timing. When P123 and P1234 are translated at the start of infection cleavage in cis of the 3/4 junction produces the initial non-structural protein species, P123 and nsP4. In this context the 1/2 junction must be cleaved for processing to continue, and thus the rate of this step provides key temporal regulation of processing. Strauss and Strauss argue that as the concentration of P123 rises trans cleavage becomes favourable . Vasiljeva et al. (2003) argue that slow 1/2 cleavage in cis, with *30 min half-life, produces the delay in processing. Nevertheless, whilst cleavage of the 1/2 junction in cis has been observed for P12 in both SINV and SFV there is evidence to suggest this cleavage is inhibited in the context of P123 (Hardy & Strauss, 1989) . Taken together these data indicate that processing at the 1/2 junction is temporally regulated, and that the half-life of P123 varies during infection depending on whether cis or trans cleavage is favoured.
Once the 1/2 junction is cleaved the protease is activated for trans cleavage of the 2/3 junction, both in SFV and SINV Shirako & Strauss, 1990) . As the concentration of 2/3 competent protease rises, the cleavage of the 2/3 junction becomes more rapid than that of the other junctions. Structural analysis of a nsP2/ nsP3 fragment has indicated that the 2/3 junction is distant to the protease active site of nsP2 indicating that cleavage of the 2/3 junction must occur in trans (Shin et al., 2012) . Thus, newly translated non-structural proteins are cleaved into P12 and P34. At this later stage of infection the concentration of protease competent for cleavage of the 1/2 and 2/3 junctions is high, and thus protease competent for cleavage of the 3/4 junction (P23, P123, P1234) is rapidly processed away. This was found to result in P34 becoming a stable polyprotein species later in SINV infection (de Groot et al., 1990; Hardy & Strauss, 1989) . However, the stability of P34 is largely a phenomenon unique to SINV as P34 of SFV is always actively processed.
A study regarding the cleavage of artificial substrates by the purified protease domains of nsP2 from SFV and VEEV did not indicate significant differences in substrate specificity, and hence differences in protease activities between the alphaviruses was examined (Zhang et al., 2009) . For both SFV and VEEV the cleavage of the 1/2 and 3/4 junctions was found to be highly efficient; whilst the cleavage of the 2/3 junction was poor. The poor cleavage of the 2/3 junction observed with the purified C-terminal protease domain of nsP2 is consistent with previous results indicating the entire nsP2 domain is required for cleavage of the 2/3 junction (Vasiljeva et al., 2003) . Further examination of the requirements for cleavage at this junction have shown the need for precise assembly of the cleavage complex (Lulla et al., 2012) . The macrodomain of nsP3 and the N terminus of nsP2 are necessary for substrate positioning in order for cleavage of the 2/3 junction to occur. Examination of alphaviral polyprotein cleavage sites reveals commonalities across the genus. These amino acid positions of the polyprotein cleavage sites are described below using the Schechter and Berger nomenclature for protease site residues (Schechter & Berger, 1967) . Using this nomenclature, amino acid residues surrounding the peptide bond cleaved are designate P1 on the N-terminal side and P19 on the C-terminal side. It should be noted that this nomenclature has similarities to that used for the naming of alphavirus polyproteins and to avoid confusion italics have been used for designation of residues around protease cleavage sites. Characterizations of the plasticity of nsP2 cleavage sites indicated that the context in which the cleavage site is presented influences the capacity of the particular site to be cleaved . The P2 position of the recognition motif of all three sites (i.e. the 1/2, 2/3 and 3/4 junctions) is a glycine and this is conserved across the genus. Based on amino acid conservation or differences, Strauss and Strauss argue that positions P1, P2 and P3 are the most important for protease recognition of a site, and P19, P29 and P39 are tolerant of different residues . The cleavage site requirements were tested biochemically using SFV nsP2pro, and P1, P2 and P3 were found to be important, as well as P4 and P19 (Lulla et al., 2006) . Tests using synthetic substrates and purified protease domains from SINV, SFV and VEEV found that VEEV nsP2pro recognized and cleaved SFV's 1/2 junction, but no other cross-species recognition was identified in that study (Zhang et al., 2009) nsP2 may also perform functions in RNA synthesis beyond its roles as protease, RTPase, and helicase. It has been proposed that nsP2 acts as a transcription factor for subgenome synthesis by binding to the subgenomic promoter (Hahn et al., 1989a; Sawicki et al., 1978; Suopanki et al., 1998) . This was suggested by the temperature-sensitive mutation ts4, which mapped to nsP2 and was found to decrease subgenomic RNA synthetic activity specifically. Direct binding of nsP2 to the subgenomic promoter on the minus-strand template has not been shown and ts4 also alters the protease activity of nsP2. However, the shift to non-permissive temperature was found to dissociate ts4-nsP2 from replicative complexes, possibly supporting its role as a transcription factor (Suopanki et al., 1998) . Additional temperature-sensitive mutations were characterized in nsP2 that also affect subgenome synthesis. Whilst these mutations again decreased polyprotein processing, subgenome synthesis was still inhibited upon shift to the non-permissive temperature, even once complexes of cleaved non-structural proteins had formed (Sawicki & Sawicki, 1993) . Other mutations in nsP2 have been characterized that alter switching from minus-strand to positive-sense RNA synthesis; however, these likely are due to alterations in nsP2's protease activity or perhaps in some other conformational conversion within the non-structural protein complex (Dé et al., 1996) or its alteration of host effects including RNase L activation (Sawicki et al., 2006) .
nsP3
Historically, the functional importance of *60 kDa nsP3 has been less clear and has been the subject of extensive examination. The nsP3 protein is clearly necessary for RNA synthesis; mutations in nsP3 have been shown to exhibit defects in the initiation of minus-strand synthesis or subgenomic RNA synthesis (LaStarza et al., 1994b; Rupp et al., 2011; Wang et al., 1994) . Nonetheless, despite the functions and activities of nsP3 described below, the precise role(s) of nsP3 during replication is unknown.
As shown in Fig. 2 , the alphavirus nsP3 protein has three recognized domains: the macrodomain, the alphavirus unique domain (AUD) and the hypervariable region. The N-terminal portion of nsP3 is conserved amongst the alphaviruses and contains a macrodomain with detectable homologues across the domains of life (Allen et al., 2003; Park & Griffin, 2009; Pehrson & Fuji, 1998) . The alphavirus macrodomain exhibits both nucleic acid binding and phosphatase capabilities (Malet et al., 2009) . The macrodomains of CHIKV and VEEV were found to bind to DNA, RNA and polyADP-ribose in addition to exhibiting adenosine diphosphoribose 19-phosphate phosphatase activity. Interestingly, this finding is in contrast to the severe acute respiratory syndrome coronavirus macrodomain which, whilst capable of binding ADP-containing molecules, exhibited low phosphatase activity indicating that all viral macrodomains may not be functionally identical (Egloff et al., 2006) . The precise role of polyADP-ribose binding in the context of viral replication remains unclear. Moreover, mutational analysis has indicated that polyADPribose binding is not the only function of the alphaviral macrodomain and evidence exists that the macrodomain is involved in one, or more, host protein interactions (Park & Griffin, 2009 ).
The AUD is located within the central portion of nsP3 -a region that shares a strong sequence homology across the alphaviruses. To date, the most well-defined structural data for the alphavirus replication complexes is at the level of the nsP2/nsP3 junction. The crystal structure of the nsP2/nsP3 fragment revealed the presence of a previously unknown zinc coordination site within the AUD (Shin et al., 2012) . Genetic manipulations within the AUD have resulted in defects in minus-strand and subgenomic RNA synthesis, polyprotein processing, and neurovirulence (Dé et al., 2003; LaStarza et al., 1994a; Tuittila & Hinkkanen, 2003) , but the mechanism of these defects has yet to be determined.
The C-terminal domain of nsP3 is characterized as being hypervariable, exhibiting poor conservation between alphaviruses in terms of length and sequence composition. Comparisons of the hypervariable regions across isolates of individual alphavirus species have indicated conservation and selection for certain elements of the hypervariable domain indicating an, as of yet unknown, advantage to their evolutionary retention (Aaskov et al., 2011; Oberste et al., 1996) . Mutational analyses, including deletion and duplication studies, have indicated that the hypervariable region is largely tolerant of significant changes in this domain in tissue culture models; however, these mutations often result in the attenuation of virulence in mice (Davis et al., 1989; Galbraith et al., 2006; LaStarza et al., 1994a; Tuittila & Hinkkanen, 2003) . nsP3 is known to be multiply phosphorylated and has been observed to exist in various phosphorylated states during infection (Li et al., 1990; Peränen et al., 1988) . The lack of sequence conservation ultimately results in the formation of grossly different phosphorylation states between alphavirus species (Davis et al., 1989; LaStarza et al., 1994a; Vihinen et al., 2001) . In SFV, mutation of the phosphorylation sites exhibited mild effects on viral growth kinetics and RNA synthesis in culture, and demonstrated attenuation of pathogenicity in mouse models . Work by Foy et al. (2013b) demonstrated that the phosphorylation state of the hypervariable domain of VEEV nsP3 did not affect virus replication in vertebrate cells, but was important for replication in mosquito cells. Additionally, whilst the virus could tolerate mutations in this domain when replicating in BHK-21 cells (a highly permissive cell line), these same mutations were not tolerated in other cell lines. Additionally it has been shown that the hypervariable domain is responsible for the formation of virus-species specific complexes in infected cells (Foy et al., 2013a) . Together these data suggest that the hypervariable domain plays an important role in the virus-host interaction and may be a significant determinant of pathogenesis through interactions with cell-type-specific factors.
Several studies have sought directly to address the functional relationships of nsP3 with host factors during viral infection. Immunoprecipitation of SINV nsP3 from infected cells has revealed numerous interactions with host factors, most notably perhaps with the cellular G3BP proteins (Cristea et al., 2006 (Cristea et al., , 2010 Frolova et al., 2006; Scholte et al., 2015) . The association of G3BP1 and G3BP2 reduces the translation of viral RNAs early during infection indicating a potential role for the G3BPs in enhancing replication indirectly. At this time it is not clear that the identified interactions of nsP3 with host factors influence viral RNA synthesis or whether they are indicative of another nsP3 function that regulates the host cell environment. Work by Fros et al. (2012) , demonstrated that the interactions of CHIKV nsP3 with the host G3BP proteins prevents further assembly of stress granules during viral infection.
nsP4
Whilst all of the non-structural proteins are involved in alphavirus RNA synthesis, the *70 kDa nsP4 protein is solely responsible for the RNA synthetic properties of the viral replicase complex. The nsP4 protein contains the core RdRp domain and motifs. The *100 N-terminal residues are unique the alphaviral RdRp, whilst the remaining *500 residues exhibit, as predicted by alignment, the typical RdRp structure with fingers, palm containing the GDD active site and thumb domains (O'Reilly & Kao, 1998; Rubach et al., 2009; Tomar et al., 2006) (Fig. 2) . As described earlier, many alphavirus species produce significantly less nsP4 than the other non-structural proteins. Additionally, nsP4 is targeted for degradation by the N-end rule pathway and is presumably stabilized via incorporation into the replicase complex (de Groot et al., 1991) .
Due to the presence of the GDD motif and mapping of RNA synthesis-defective mutants, the nsP4 protein was proposed as the alphavirus RdRp (Hahn et al., 1989a) . Recombinant expression of full-length nsP4 has historically proven exceptionally difficult. N-terminal truncation mutants of nsP4 have demonstrated terminal adenylyltransferase (TATase) activity, indicating a potential role in polyadenylation, but were ultimately found to lack de novo copying activity (Tomar et al., 2006) . The TATase activity observed with the N-terminal truncated nsP4 was independent of other viral factors; however, a predilection towards viral RNA substrates was observed. Whether or not this is the genuine mechanism for viral polyadenylation is still unknown; evidence indicating the presence of a 59 poly(U) tract on the minus-strand RNA and the ability of truncated alphavirus genomic RNAs to be polyadenylated during infection highlight the complexity of viral polyadenylation (Hill et al., 1997; Raju et al., 1999; Sawicki & Gomatos, 1976) . Purification of full-length nsP4 has been accomplished using an N-terminal SUMO tag method. Full-length recombinant nsP4 exhibited TATase activity and was capable of de novo RNA synthetic activity only after the addition of the other viral non-structural proteins supplied from mammalian cell membrane fractions (Rubach et al., 2009 ). Thus, despite nsP4 being the sole viral protein with RdRp activity, viral replication is the sum of coordinated non-structural protein activity.
Whilst functional viral RNA synthesis is dependent on the formation of the viral replicase complex consisting of, in one form or another, the viral non-structural proteins, mutational analyses have indicated that determinants for RNA synthesis exist within nsP4. For instance, mutation of a conserved arginine at 183 resulted in a specific minus-strand defect in chicken cells (Fata et al., 2002a) . Genetic evidence suggests nsP4's absolutely conserved N-terminal tyrosine interacts with nsP1 for minus-strand synthesis (Shirako & Strauss, 1998) and different mutations in the predicted disordered N-terminal domain resulted in either minus-strand or positive-sense RNA defects, suggesting roles in each activity (Rupp et al., 2011) . Stollar and colleagues have determined several determinants of promoter binding in nsP4 as residues of nsP4 were found to contact the subgenomic and genomic promoters as determined by RNA cross-linking experiments (Li & Stollar, 2004 , 2007 . Mutations of the regions identified as binding specifically to either the genomic or subgenomic promoters were found to abrogate the corresponding RNA synthetic activity (Li & Stollar, 2004 , 2007 Li et al., 2010) .
CIS-ACTING ELEMENTS
Viral RNA synthesis requires the appropriate recognition of sequence/structure elements in the template RNAs by the viral RNA synthetic complex. For alphaviruses these cis-acting elements predominantly correspond to UTRs in the viral genome. There are three UTRs in the alphavirus genome: one at the 59 end, one at the 39 end, and one at the junction region between the non-structural and structural ORFs. Additionally, elements exist in coding regions of the genome and subgenome that function in the synthesis of viral RNA, viral protein expression and viral genome packaging (Fig. 3) . These elements are conserved to varying degrees across the genus, and were first identified by sequence comparisons of the three UTRs and adjacent coding sequence (Ou et al., 1981 (Ou et al., , 1982a ; their role(s) in alphavirus replication continues to be clarified and refined.
Elements
The 59 end of the genome, or its complement in the 39 end of the minus-strand, contains two conserved sequence elements (CSEs): there is one in the 60 nt 59 UTR and the 51 nt CSE within nsP1 coding region (Fig. 3) . In the genomic strand these elements also possess defined RNA secondary structures. The 59 UTR contains a conserved stem-loop critical for its function in RNA synthesis (Niesters & Strauss, 1990a) . The modelled structure of this stem-loop has been confirmed and further refined by chemical analyses (Nickens & Hardy, 2008) . The complementary sequence at the 39 end of the minus-strand is also predicted to be structured and this structure functions in genomic RNA synthesis (Frolov et al., 2001; Niesters & Strauss, 1990a) . The stability of this structure and the ability of the polymerase to access the promoter is thought to be important for the regulation and initiation of RNA synthesis (Shirako & Strauss, 1998) . In close proximity to, but distinct from the 59 CSE, is the 51 nt CSE in the nsP1-coding region that forms two stem-loops. Mutational analyses of the 51 nt CSE suggested that both the sequence and structure of the loop may be important for the CSE's function as a transcriptional enhancer (Niesters & Strauss, 1990b) .
Whilst it has been known for some time that RNA synthesis, templated by the genomic RNA, initiates at its 39 end, 59 elements must be involved as the subgenome, which contains the same 39 elements, is not copied into a minus-strand copy. Circularization of template RNAs for initiation of copying has been identified as a strategy by which other positive-sense RNA viruses, such as poliovirus and dengue virus, regulate their RNA synthesis and translation (Herold & Andino, 2001; You & Padmanabhan, 1999) . Circularization of the alphavirus genome has been investigated and observed in vitro; however, those studies did not define the sequences involved or the functional consequence of circularization (Frey et al., 1979) . Studies using chimeric SINV/SFV RNA templates found that the 51 nt CSE is likely an enhancer element for RNA synthesis, whilst the 59 UTR and the 39 elements from the same virus species are necessary for RNA replication. Characterizations of the 59 UTR of VEEV, and in particular the 51 nt CSE of VEEV, have similarly revealed a vital role in the regulation of viral RNA synthesis (Kulasegaran-Shylini et al., 2009a, b; Michel et al., 2007) . This shows that the 59 UTR is essential for minus-strand RNA synthesis initiating at the 39 end of the genome, suggesting circularization mediated in part by the 59 UTR element is necessary for minus-strand synthesis (Frolov et al., 2001) .
Several studies have found that changes in the cis elements result in host species-specific phenotypes, suggestive of host factor interactions with the elements (Fayzulin & Frolov, 2004; Gorchakov et al., 2004; Niesters & Strauss, 1990a, b) . Studies comparing replication between vertebrate and arthropod systems found that mutations to the 51 nt CSE had a greater effect on replication in the mosquito host than the mammalian host (Fayzulin & Frolov, 2004) . Additionally, passage of the 51 nt CSE mutants resulted in second site suppressor mutations in nsP2, nsP3 and the 59 UTR, suggestive of functional interactions between the 51 nt CSE and these factors. Further study of chimeras of 59 UTR and 51 nt CSE from SINV and SFV found adaptive mutations that relieved inhibition RNA synthesis through AU additions at the 59 end of the genome (Gorchakov et al., 2004) . However, some of the adaptive AU additions functioned in vertebrate but not mosquito cells, suggesting host-specific factor involvement. Thus, taken together, these studies begin to illuminate the complexities of the interactions between viral/host factors and the 59 cis-acting elements during RNA synthesis.
The 39 end of the genome contains the largest UTR, in the range of several hundred nucleotides depending on the virus species (Fig. 3) . The final 19-20 nt before the poly(A) tail comprise the 39 CSE, which is highly conserved in sequence across the genus. As the 39 end of the genome represents the initiation site for minus-strand synthesis, these elements are presumed to contain the core minusstrand promoter. Nevertheless, recent studies have reported that in the absence of viral RNA cellular RNAs may be utilized as a template for the synthesis of dsRNA (Nikonov et al., 2013) . Mutational analysis of the 39 UTR found alterations throughout that reduced RNA synthesis, with residues in the CSE found to be most critical and other portions being more tolerant of changes (Kuhn et al., 1990) . The functions of the 39 elements in minus-strand synthesis were tested in vitro by introducing point mutations or small deletions into the 39 CSE and poly(A) tail of synthetic templates (Hardy & Rice, 2005) . The 39 13 nt of the CSE and a poly(A) tail of at least 11 residues were found to be most critical for minus-strand synthesis. These analyses were extended to determine the initiation site of minus-strand synthesis (Hardy, 2006) . WT templates resulted in initiation at the 39 end of the CSE, whilst alteration of the CSE or the poly(A) tail in many cases shifted the initiation site to within the poly(A) tail. These data suggest that polyadenylation of alphavirus plus-strand RNAs is not templated in contrast to previous reports (Sawicki & Gomatos, 1976) . The observation that nsP4 possesses a TATase activity suggests that a poly(A) tract can be added in a template-independent manner (Rubach et al., 2009; Tomar et al., 2006) . However, it is also possible that both a templated and non-templated mechanism of polyadenylation and terminal addition are at play during an alphavirus infection, allowing repair and restoration of infectivity of damaged or defective viral genomes. Further work by Raju and colleagues has found that, despite the essential nature of the 39 UTR, genomes lacking significant portions of this element are capable of producing progeny by a novel repair mechanism (George & Raju, 2000; James et al., 2007; Raju et al., 1999) . Synthetic genomes with a set of deletions to the 39 CSE, UTR and/or poly(A) tail were introduced into cells, and viable progeny were recovered from many of these. Sequencing revealed recovered genomes had regenerated 39 elements of non-WT AU-rich sequences as well as a poly(A) tail and these viruses were capable of establishing infection in neonatal mice. It is currently unclear precisely how these additions to the genomic RNA occur, but nsP4-mediated terminal addition combined with slippage during template copying is a likely mechanism.
Junction region elements
Between the non-structural and structural ORFs is a third UTR, or junction region (Fig. 3) . The promoter for subgenomic synthesis, active solely in the minus-strand, lies partially in this region and partially in the nsP4-coding region. The 59 UTR of the subgenomic RNA is also derived from this sequence. The minimal promoter for subgenome synthesis was identified by sequence comparisons and confirmed by studies using defective interfering SINV RNAs as a backbone for analysing the junction region (Levis et al., 1990; Ou et al., 1982a) . Levis and colleagues found that truncation of the promoter beyond nucleotides 219 to +5 from the transcription start site abolished activity. Additional enhancer elements and contextual effect were identified by studies using dual-promoter viruses (Raju & Huang, 1991) . The full, optimal promoter was mapped to 298 to +14 and the specific requirements within this region were identified (Wielgosz et al., 2001) . Similar to the 59 and 39 elements, some these requirements were distinct between vertebrate and arthropod host cells. Additionally, the functional conservation of these elements was tested by assaying the capacity of the SINV replicase to utilize a suite of different alphavirus junction regions and most functioned well, indicating a lack of divergence in subgenome initiation (Hertz & Huang, 1992) .
Other functions of genomic RNA elements
Cis-acting elements also perform functions in the evasion of host antiviral responses, translation of alphavirus RNAs, packaging of genome into progeny virions and evasion of RNA degradation by host cells. Many of these cis-acting elements are predicted or have been shown to have secondary structures. Nevertheless, in several instances, e.g. the U-rich element (URE) of SINV, significant secondary RNA structures are absent, indicating a role for the primary sequence of the element. The functions of these cis-acting elements are reported below and their relative positions are shown in Fig. 3 .
Recently, secondary structures present in the 59 UTR have been shown to prevent the recognition of the viral RNAs (Hyde et al., 2014) . These RNA structures were identified as a pathogenicity determinant as they served to mask the viral type 0 cap structure, which differs from the cellular type 1 cap structure and is recognized by the host protein IFIT1 (Daffis et al., 2010; Reynaud et al., 2015) . It has been known for some time that a polymorphism at position 5 of the SINV genome and position 3 of the VEEV genome that increases the base-paired length of the 59 stem-loop correlates with increased pathogenicity of these viruses (Kinney et al., 1993; Kuhn et al., 1992) . Increasing the base-pairing at the very 59 end of the genome appears to 'hide' the cap from detection by IFIT1, leading to avoidance of host detection; the subsequent activation of innate immunity results in enhanced translation and replication of the alphaviral genome in vertebrate cells.
For many alphaviruses, including VEEV and SINV, the presence of a stem-loop RNA secondary structure immediately adjacent to the opal stop codon has been reported to influence readthrough, thereby generating the P1234 polyprotein (Firth et al., 2011) . Indeed, mutational analysis indicated that the presence of the stem-loop structure enhanced readthrough as much as 10-fold (Firth et al., 2011) . A similar more complex arrangement of secondary structures including putative pseudoknot-like structures can be observed proximal to the frameshift site of the 6K/TF structural protein (Chung et al., 2010; Firth et al., 2008 Firth et al., , 2011 . For some alphaviruses, such as SINV, VEEV and Barmah forest virus; a stem-loop structure 39 adjacent to the UUUUUUA (U 6 A) motif enhances the ribosomal frameshifting, resulting in the production of TF. Nevertheless, this structural element is not ubiquitous amongst the genus as SFV lacks an identifiable local secondary structure proximal to the U 6 A motif (Chung et al., 2010) .
The translation of the structural protein ORF in the subgenomic RNA is enhanced by a stem-loop in the capsid-coding region known as the translational enhancer (Frolov & Schlesinger, 1996) . Later characterization of the translational enhancer revealed the presence of a secondary structure downstream of the initiating methionine of the SINV subgenomic RNA. Functional characterization of the downstream loop (DLP) indicated that it imparts resistance to the shutoff of host translation mediated by the phosphorylation of eukaryotic initiation factor eIF2a (Ventoso et al., 2006) . To date, the existence of a DLP element has been reported for SINV and SFV; however, this feature is apparently absent from other members of the genus, notably VEEV and CHIKV. The mechanism by which the DLP enhances translation is not clear, but it bestows resistance to low eIF2 levels in infected vertebrate cells allowing translation to occur in cells in which the RNA-dependent protein kinase is active, thus overcoming a primary antiviral response by the cell (McInerney et al., 2005; Ventoso et al., 2006) .
Sequences that direct the genome for packaging have been identified and comparison across the genus shows differences between subgroups (Kim et al., 2011) . In the absence of packaging signals both genomic and non-genomic RNAs are packaged -another example of the virus defaulting to a less specific mechanism to rescue infectivity. Viral RNA encapsidation occurs late during infection when the predominant RNA species available for packaging is the subgenome. In spite of this, only genomic RNA is packaged during alphavirus infection with the possibility of one exception; Aura virus is known to package both genomic and subgenomic RNAs indiscriminately (Rümenapf et al., 1994) . Nevertheless, generally, the specified packaging of the genomic RNA suggests a highly selective mechanism for alphavirus nucleocapsid assembly.
A number of studies have supported the presence of a packaging signal located within the non-structural coding region of the viral genome (Frolova et al., 1997; Kim et al., 2011; Weiss et al., 1989 Weiss et al., , 1994 . Originally, work by Weiss et al. (1989) demonstrated that a 600 nt fragment derived from within the coding region of nsP1 (nt 721-1306) interacted specifically with the SINV capsid protein (Weiss et al., 1989) . Later, this 600-base region was narrowed to a 132 nt fragment; this region, which spanned nt 945-1076 of the SINV genome, was shown to bind capsid protein and a 68-residue capsid-derived peptide (SINV capsid aa 76-132) (Weiss et al., 1994) . Nearly a decade later, genetic and biochemical approaches in conjunction with computer-generated predictive models revealed consistent results for the encephalitic viruses. EEEV, WEEV and VEEV contain packaging signals within nsP1 (VEEV nt 856-1150) that consist of four to six predicted stemloop structures marked by a GGG conserved sequence motif at the base of each loop (Kim et al., 2011) . Disruption of the stem-loops or mutation of the conserved GGG sequence reduces packaging efficiency relative to WT virus.
Alternatively, studies conducted in Ross river virus (RRV) revealed three distinct capsid interacting sites, all of which localized to the nsP2-coding region (Frolova et al., 1997) . Whilst one capsid interacting site at nt 2761-3062 in RRV appeared noticeably stronger than the others, it is possible that multiple packaging signals exist for RRV. Interestingly, the predominant site of RRV capsid interaction within the nsP2-coding region is consistent with the capsid interaction site proposed for SFV and other members of the SFV clade.
Outside of the 19 nt CSE described above, the alphaviral 39 UTR exhibits a remarkable level of sequence diversity. A notable feature of the alphaviral 39 UTRs are the repeat sequence elements (RSEs), which differ in their primary sequence and organization across the members of the genus. The precise functions of the RSEs are largely unclear; however, they are presumed to exhibit secondary structures (Ou et al., 1982b) . For CHIKV, the arrangement and overall architecture of the 39 UTR was found to be largely a consequence of selection within and adaptation to the mosquito vector rather than the mammalian host (Chen et al., 2013) .
Elements of the alphaviral 39 UTR have been identified using SINV that regulate the stability of the viral RNAs during infection (Garneau et al., 2008; Sokoloski et al., 2010) . The relative stability of SINV RNAs appears to be dependent on the stage of infection, as the half-lives of incoming viral genomes vary greatly from those synthesized during active infection (Sokoloski et al., 2010 (Sokoloski et al., , 2015 . Late during infection the interaction of elements within the viral 39 UTR with host factors, specifically the cellular HuR protein, was found to confer resistance to deadenylation in vitro and in tissue culture models of infection (Sokoloski et al., 2010) . The region of the 39 UTR responsible for the repression of deadenylation varied amongst the members of the genus, with SINV and VEEV relying on a URE for HuR binding, whereas other members of the genus relied upon the RSEs for binding. Given the overall diversity of the elements found in the 39 UTR of the alphaviruses it is highly likely that additional functions, either via host interactions or cis functions, of the viral 39 UTR elements await discovery.
OUTSTANDING QUESTIONS IN THE FIELD
Despite the depth of our understanding of the molecular biology of replication of some alphaviruses there are still many significant knowledge gaps in the field. A major question regarding alphavirus RNA synthetic complexes relates to the precise structural arrangements that underlie the functions observed. The interactions and arrangement of non-structural proteins and non-structural polyproteins within the RNA synthetic complex must change to produce the observed functional shifts, yet these interactions remain largely uncharacterized. Interactions between individual non-structural proteins within the complexes would be informative for determining how the complex is assembled and matures during the virus replication cycle. Determining the spatial arrangement within the RNA synthetic complex would be a large step towards understanding the role each non-structural protein plays in each RNA synthetic activity. Additionally, it is apparent that the non-structural proteins interact with the host cell in ways that do not directly involve RNA synthesis. Multiple populations of nsP3 are observed in infected cells, only a minority of which co-localize with dsRNA, indicating most nsP3 is involved in processes independent of viral RNA synthesis . The studies by Foy et al., referred to above demonstrate clearly that nsP3 has cell-type-dependent functions that may be important for virus replication in different tissues and hence for pathogenesis (Foy et al., 2013a, b) . Similarly, nsP1 and nsP2 have functions that manipulate the host cell to promote viral spread and inhibit host response (Akhrymuk et al., 2012; Garmashova et al., 2006; Laakkonen et al., 1998) . Almost certainly more functions for non-structural proteins remain to be elucidated.
The involvement of host factors in RNA synthesis and regulation of viral RNA function is also an area that is only just beginning to be explored. Whilst numerous host proteins have been found to associate with viral non-structural protein complexes, their specific roles during virus replication remain elusive (Cristea et al., 2006; Frolova et al., 2006; Varjak et al., 2013) . Little is known about sites within viral RNAs to which host proteins may bind and what the consequences of their binding might be.
Whether there is functional redundancy, either across interactions or host factors, or not is a significant confounding factor for the characterization of alphavirus host interactions. This is undoubtedly an area of research that will be important in understanding the regulation of viral RNA replication and viral gene expression, and will likely enhance our understanding of virus species-specific pathogenesis.
Finally, the vertebrate host system has been used for the majority of the observations reported above. The fact that alphaviruses shut-off host cell macromolecular synthesis in vertebrates, but not in mosquito cells, clearly indicates that the intracellular environments in which the virus replicates are tremendously different. The replication cycle and outcome of infection for the alphaviruses is dependent on the host. Vertebrate hosts exhibit acute infection, whereas invertebrates often develop persistent infection with little incidence of cellular pathogenesis. Hence, there is a critical need to better understand the mechanisms of alphavirus replication in invertebrate systems. Understanding how the viral replication complex forms, what host components are recruited and how RNA synthesis persists in mosquito cells will be invaluable in identifying possible means of antiviral intervention at the level of the vector. Das, P. K., Merits, A. & Lulla, A. (2014) . Functional cross-talk between distant domains of chikungunya virus non-structural protein 2 is decisive for its RNA-modulating activity. J Biol Chem 289, 5635-5653. Cleavage-site preferences of Sindbis virus polyproteins containing the non-structural proteinase. Evidence for temporal regulation of polyprotein processing in vivo. EMBO J 9, 2631-2638. 
